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Baculovirus AcMNPV causes proteotoxicity in Sf9 cells as revealed by accumulation of ubiquitinated
proteins and aggresomes in the course of infection. Inhibition of proteasomes by lactacystin increased
markedly the stock of ubiquitinated proteins indicating a primary role of proteasomes in detoxication.
The proteasomes were present in Sf9 cells as 26S and 20S complexes whose protease activity did not
change during infection. Proteasome inhibition caused a delay in the initiation of viral DNA replication
suggesting an important role of proteasomes at early stages in infection. However, lactacystin did not affect
ongoing replication indicating that active proteasomes are not required for genome ampliﬁcation. At late
stages in infection (24–48 hpi), aggresomes containing the ubiquitinated proteins and HSP/HSC70s showed
gradual fusion with the vacuole-like structures identiﬁed as lysosomes by antibody to cathepsin D. This
result suggests that lysosomes may assist in protection against proteotoxicity caused by baculoviruses
absorbing the ubiquitinated proteins.
& 2012 Elsevier Inc. All rights reserved.Introduction
Baculoviruses contain circular double-stranded DNA genomes
of 80–180 kb and infect predominantly insects of the orders
Lepidoptera, Hymenoptera, and Diptera. Replication of viral DNA
(vDNA) and the assembly of viral capsids occur in cell nuclei and
yield two types of mature viruses, the budded virions (BV) and
occlusion-derived virions (ODV). The best studied baculovirus,
Autographa californica multiple nucleopolyhedrovirus (AcMNPV),
has a 134-kbp genome and encodes approximately 150 proteins
including factors essential for genome replication (for review see
(Rohrmann, 2011)). By encoding a few key factors, baculoviruses
can modify cellular proteome allowing them to overcome
antiviral defense systems and to optimize microenvironment
for their reproduction. To accomplish this, they induce stress in
infected cells and activate speciﬁc responses including the
apoptotic pathway (Clem, 2007; Clem et al., 1991; Schultz and
Friesen, 2009), signal kinases (Chen et al., 2009; Katsuma
et al., 2007; Schultz and Friesen, 2009; Xiao et al., 2009), the
DNA damage response (Huang et al., 2011), and the heat shockll rights reserved.
ilov).response (Lyupina et al., 2010). During infection, DNA and RNA
viruses interfere with the ubiquitin-proteasome system (UPS),
a major cellular machinery for the hydrolysis of proteins,
that regulates multiple processes and controls the cellular pro-
teome (for review see (Barry et al., 2010; Binka et al., 2012;
Gallastegui and Groll, 2010; Kwak et al., 2011; Vanni et al., 2012;
Viswanathan et al., 2010)). In eukaryotic cells, proteasomes are
present as core particles 20S (CP) and the 26S complexes contain-
ing CP plus one or two regulatory particles 19S (Bedford et al.,
2010; Finley, 2009; Forster et al., 2010; Kim et al., 2011a; Saeki
and Tanaka, 2012). The 26S proteasome digests damaged or
misfolded proteins that generally are marked by ubiquitin con-
jugates before hydrolysis (Shabek et al., 2009). The ubiquitination
is not required for digestion of intrinsically unfolded proteins by
the 20S proteasome (Pickering and Davies, 2012a). To control the
proteome and prevent proteotoxicity, the UPS operates together
with cellular chaperones HSP/HSC70s, and the autophagy/
lysosome system. The HSP/HSC70s facilitate ubiquitination of
misfolded and damaged proteins by binding them and recruiting
the ubiquitin E3 ligases, like CHIP (carboxyl terminus of HSC70-
interacting protein) (Pratt et al., 2010; Stankiewicz et al., 2010).
Whereas UPS degrades proteins that are small enough to enter
the narrow pore of the barrel-shaped proteasome, the lysosomal
pathway of autophagy can degrade larger structures including
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proteasomes in baculovirus infection cycle was reported recently
for silkworm Bombyx mori cells infected with BmNPV (Katsuma
et al., 2011; Xue et al., 2012). However, a possible role of the
autophagy/lysosome system, in baculovirus replication remains
unexplored. Lysosomes digest both, ubiquitinated and nonubi-
quitinated, proteins by micro- or macroautophagy in chaperone-
mediated or independent pathways (Arias and Cuervo, 2011;
Dargemont and Ossareh-Nazari, 2012; Kaushik et al., 2011;
Shaid et al., 2012; Yao, 2010). In the chaperone-mediated path-
way, the heat shock cognate protein HSC70 associated with the
cytosolic side of the lysosomal membrane binds the substrate and
assists in its translocation into the lysosomal lumen (Agarraberes
and Dice, 2001; Arias and Cuervo, 2011; Kaushik et al., 2011).
Lysosomes also perform clearance of cytoplasmic aggresomes
(Janen et al., 2010; Lamark and Johansen, 2012; Taylor et al.,
2012). As shown recently, autophagy plays a regulatory role in the
reproduction of some viruses (Fischl and Bartenschlager, 2011;
Lazar et al., 2012; Schreiner et al., 2012). Inhibition of UPS causes
proteotoxicity, triggers an apoptotic pathway, but also activates
the lysosome function that plays a prosurvival role (Janen et al.,
2010; Shaid et al., 2012; Viiri et al., 2010; Wong and Cuervo,
2010; Wu et al., 2010; Zhu et al., 2010). In the previous report,
we observed accumulation of aggresomes containing complexes
of the ubiquitinated proteins with HSP/HSC70s in cytoplasm
of Spodoptera frugiperda Sf9 early in infection with AcMNPV
(Lyupina et al., 2011). The aggresome appearance indicates that
the cells underwent proteotoxic stress in the course of baculo-
virus infection.
In this report, we analyzed the function of UPS and lysosomes
in AcMNPV-infected Sf9 cells and conﬁrmed that the cells
undergo proteotoxic stress during infection. Experiments with
the irreversible proteasome inhibitor lactacystin suggested thatFig. 1. Proteasomes of Sf9 cells in the course of infection with AcMNPV. (A) SDS-12% P
and to b-actin. Lane 8 shows extract from calf thymus cells (T). Polyhedrin expression w
the extracts normalized to the protein content in the probes. The error bars represen
proteasome activity in a native polyacrylamide gel after electrophoresis under nondena
with 0.1% SDS before loading. (D) Lane 1, distribution of the proteasome complexes from
Western blotting and probing with mAb to proteasome subunits a1,2,3,5,6,7.proteasome function is important for initiation of viral DNA
synthesis, but was not required for DNA replication that was in
progress. The UPS inhibition decreased expression of the early/late
viral protein DBP, delayed and reduced production of BV, blocked
synthesis of very late proteins and production of polyhedra. The
lysosome inhibitor, 3-methyladenine, produced minor effects on
vDNA replication and BV production, although it inhibited the
expression of very late proteins and production of polyhedra.
Confocal microscopy analysis suggested that formation of cyto-
plasmic aggresomes containing ubiquitinated proteins and HSP/
HSC70s and their fusion with lysosomes might present a way to
limit proteotoxicity caused by baculovirus infection.Results
Proteasomes in infected Sf9 cells
In order to characterize the proteasome system in Sf9 cells
infected with AcMNPV, cellular extracts were obtained at differ-
ent time points after infection and characterized by SDS-PAGE
followed by Western blotting. Probing with mAb against protea-
some a subunits revealed six immunoreactive bands in Sf9 cells
(Fig. 1A). These bands persisted in cells until a very late stage
in infection (120 hpi) suggesting stability of the proteasomes
during the entire infection cycle. The enzymatic activity of
proteasomes in the course of infection was determined by
incubation of clariﬁed extracts with a ﬂuorescent substrate Suc-
LLVY-AMC designed to assay for chymotrypsin activity (Fig. 1B). The
normalized activity slowly decreased in the course of infection. The
decline during 2–3 days post infection might result from an increase
in the protein content of the infected cells. Taken together, the
data shown in Fig. 1(A and B) suggested structural integrity andAGE followed by Western blotting with mAbs to proteasome subunits a1,2,3,5,6,7
as visualized by Coomassie staining. (B) Chymotrypsin-like proteasome activity in
t the standard deviation of three experimental data sets. (C) Chymotrypsin-like
turing conditions. Lane 5 shows the same sample as loaded onto lane 3, but treated
uninfected cells in a native gel determined as in (C). Lane 2 shows the lane 1 after
Fig. 2. vDNA synthesis in Sf9 cells infected with AcMNPV and then incubated in
the presence of proteasome inhibitors: (A) 10 mM MG-132 (þMG-132), (B) 10 mM
lactacystin (þL), or in their absence (MG-132 and L, respectively). The vDNA
content was determined by RT- PCR in triplicate for each time point. The error bars
represent the standard deviation.
Fig. 3. The effect of lactacystin on the proteasome activity in Sf9 cells infected
with AcMNPV. Chymotrypsin-like proteasome activity in the extracts from
infected cells incubated in the presence of 10 mM lactacystin (þL) or in its
absence (L) normalized to the protein content in the probes. The error bars
represent the standard deviation of four experimental repeats. The activity in
uninfected cells was taken as a unit value.
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infection cycle. This conclusion was further conﬁrmed by analysis of
the proteasome structure and activity after fractionation of cellular
extracts in a native polyacrylamide gel (Fig. 1C and D). The
enzymatic activity of proteasomes after electrophoresis was
revealed by soaking the gel with the ﬂuorescent substrate Suc-
LLVY-AMC (Fig. 1C). The proteasomes in both uninfected and
infected Sf9 cells were represented by two populations that
migrated near a 20S-band of the core particle (CP) and near a 26S-
band containing CP and one or two regulatory (RP) 19S-particles.
Dispersion of the respective bands in the gel was presumably due to
association with ubiquitin conjugates (Elsasser et al., 2012) and with
multiple regulatory factors. These factors have been extensively
characterized in other than arthropod cells (Enenkel, 2012; Fiala
et al., 2011; Kanai et al., 2011; Pickering and Davies, 2012b;
Savulescu and Glickman, 2011; Stadtmueller and Hill, 2011). Treat-
ment of the samples with 0.1% SDS before loading onto the gel
caused dissociation of multiple regulatory factors and converted the
whole proteasome population to the 20S CPs (Fig. 1C, lane 5).
Western blotting followed by probing with the antibodies conﬁrmed
the presence of the a subunits in the fractions of 20S and 26S
proteasomes (Fig. 1D). The identical proteasome pattern in unin-
fected and AcMNPV-infected cells at different stages in infection
suggested that cellular proteasomes remain functional and do not
undergo major structural modiﬁcations in the course of baculovirus
infection.
Recent data obtained with BmNPV-infected silkworm Bombyx
mori cells suggest an essential role for cellular proteasomes in
the baculovirus infection cycle (Katsuma et al., 2011; Xue et al.,
2012). Inhibition of proteasome function in B. mori cells was
shown to suppress replication of viral genomes (Xue et al., 2012).
We examined this observation with Spodoptera frugiperda (Sf9)
cells infected with AcMNPV. However, to our surprise, MG-132, a
potent and speciﬁc inhibitor of proteasome activity, produced
only a negligible effect on ampliﬁcation of AcMNPV genome in
Sf9 cells assayed by real-time PCR (Fig. 2A). The average doubling
time of vDNA in infected cells between 6 and 22 hpi was
increased in the presence of 10 mM MG-132 by only 21% (from
160 min to 194 min) compared to infected cells incubated in the
absence of the compound. The 10-mM concentration of MG-132
used in this experiment was high enough to almost completely
block the chymotrypsin-like activity of proteasomes. In control
experiments with proteasomes isolated from Sf9 and murine
cells, 10 mM MG-132 inhibited the proteasome activity by 98%
(data not shown). The increase in MG-132 concentration from 10
to 50 mM did not markedly enhance the inhibitory effect on vDNA
synthesis in infected cells. After the addition of 50 mM MG-132 to
infected cells, the average doubling time of vDNA between 6 and
22 hpi was increased by 31%, from 134 min to 175 min (data not
shown). A reason for the low inhibitory efﬁciency of MG-132 in
our assay with Sf9 cells was unclear. The result might potentially
be due to chemical instability of MG-132 and the rapid metabolism
of this compound by cellular microsomes (Lee et al., 2010). There-
fore in the next experiment, we used another speciﬁc inhibitor
of the proteasome activity, lactacystin, that in contrast to MG-132
inhibits proteasomes irreversibly. Lactacystin in concentration of
10 mM produced a delay in approximately ten hours in the initiation
of vDNA ampliﬁcation (Fig. 2B). However, after initiation, vDNA
replication proceeded with a rate comparable with that in the
absence of lactacystin. At 30 hpi, the vDNA content in infected cells
incubated in the absence or presence of 10 mM lactacystin was quite
similar. This result conﬁrmed the suggestion that proteasome activity
is required for vDNA replication, at least for initiation. However,
complete reactivation of vDNA synthesis after the 10-h delay raised
questions. It is possible that lactacystin produces transient inhibition
of proteasomes in infected cells, thus the proteasome system wasfully reactivated by 10–12 hpi. In order to verify this prediction, the
proteasome activity in extracts prepared from infected cells incubated
with lactacystin was determined by using a standard assay with the
ﬂuorescent substrate Suc-LLVY-AMC. Due to the irreversible mode of
lactacystin action, the activity in cellular extracts should reﬂect a true
activity of proteasomes in infected cells. As shown in Fig. 3, 10-mM
lactacystin produced a potent inhibition of the proteasomes in
infected cells. The chymotrypsin-like activity of proteasomes was
inhibited by approximately 90% at 4–10 hpi and by 85% and 72%,
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uninfected cells. Thus, the proteasome system did not recover for
24 h after the addition of lactacystin to infected cells. It suggests that
vDNA synthesis initiated when the proteasome activity was inhibited
by 90%, and the synthesis proceeded efﬁciently under inhibition of
proteasomes by 70–80%. It is possible that the residual activity in
the presence of lactacystin was enough to accomplish the essential
proteasome function at the initial stages in the infection cycle,
although at a slow rate causing a delay in the initiation of replication.
However, after initiation, vDNA synthesis appears to be independent
of proteasome function and proceeds at a normal rate under condi-
tions that cause a profound inhibition of proteasomes. Subsequently,
lactacystin did not block production of BV by infected cells, although
it reduced the level and rate of their accumulation in the incubation
media. In the presence of 10 mM lactacystin, the BV titer was
decreased six-fold from 6107 to 107 at 32 hpi and two-fold from
108 to 5107 at 48 hpi.
Ubiquitination of proteins in infected cells
Proteins hydrolyzed by proteasomes are generally marked
by the covalent attachment of ubiquitin conjugates. In order to
reveal the ubiquitination status of cellular proteins during the
course of AcMNPV infection, extracts from infected Sf9 cells were
subjected to SDS-10% PAGE followed by Western blotting with
mouse mAb FK2 against mono- and polyubiquitinated conjugates
(Fig. 4A). As expected, the ubiquitinated proteins were enrichedFig. 4. The effect of lactacystin on expression of the host-cell and virus proteins in Sf9
accumulation in infected cells incubated in the presence of 10 mM lactacystin (þL) or
mAbs (FK2) to mono- and polyubiquitinated conjugates. Panel B shows the amount of u
gel. (C) The ubiquitin conjugates analyzed by SDS-15% PAGE followed by Western blotti
in the presence of 10 mM lactacystin or in its absence after SDS-10% PAGE followed by W
cells incubated in the presence or absence of lactacystin analyzed by SDS-10% PAGE fol
pattern in the same gel.in a high MW fraction. Their amount increased markedly during
infection (lanes 1–5). The inhibition of proteasomes by the
addition of 10-mM lactacystin further increased fraction of the
ubiquitinated proteins (lanes 6–9). The amount of the ubiquiti-
nated proteins at different time points was normalized to protein
loaded onto these lanes and is indicated in Fig. 4B. The main
conclusion drawn from the data is that even in the absence of
lactacystin, the infected cells accumulated a large amount of the
ubiquitinated proteins. This suggests that Sf9 cells undergo
proteotoxic stress as result of virus infection. Besides the high
MW protein bands, the extracts from infected cells revealed
distinct immunoreactive bands ranged from approximately 15
to 30 kDa (Fig. 4A, lanes 1–5). These species presumably represent
conjugates of ubiquitin released by deubiquitinases prior hydro-
lysis of the target proteins by proteasomes (Lee et al., 2011;
Stringer and Piper, 2011). These ubiquitin conjugates were
apparently absent in infected cells incubated with lactacys-
tin for 24 h (lanes 6–8) and present in minor amounts at 48 hpi
(lane 9). The low level of the ubiquitin conjugates in the presence
of lactacystin contrasted to the marked accumulation of the ubiqui-
tinated proteins that potentially serve as substrates for deubiquiti-
nases. This result indicated that the proteasome function in infected
cells remained suppressed for 48 hpi after addition of lactacystin
thus conﬁrming and extending the data shown in Fig. 3. To look
more carefully at the ubiquitin conjugates, the extracts from
uninfected and AcMNPV-infected cells collected at 48 hpi were
fractionated by SDS-15% PAGE (Fig. 4C). At least 10 bands from 15cells infected with AcMNPV. (A and B) Time-course of the ubiquitinated proteins
in its absence (L) analyzed by SDS-10% PAGE followed by Western blotting with
biquitinated proteins normalized to protein content in the probes loaded onto the
ng with mAbs FK2. (D) The b-actin pattern in extracts from infected cells incubated
estern blotting with respective mAb. (E) Expression of viral protein DBP in infected
lowed by Western blotting with polyclonal Ab. The lower panel shows the b-actin
Fig. 5. Localization of the ubiquitinated proteins in AcMNPV-infected Sf9 cells incubated in the absence or presence of 10 mM lactacystin at 48 hpi. The proteins were
visualized by confocal microscopy after staining with respective primary mAb and then with the ﬂuorescent second mAb. Aggregates of the small size (S) and large size
including the membranous structures (L) are indicated by the arrows.
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esis of the extracts from mock-infected (lane 1) and AcMNPV-
infected cells (lane 2). The pattern of these bands in uninfected
and infected cells was similar suggesting that the baculovirus
infection does not change signiﬁcantly the mode of action of cellular
deubiquitinases. Although speciﬁc targets of proteasomes in infected
cells remain mainly unknown except for few exceptions such as
viral protein IE2 (Imai et al., 2005), some important determinants of
cellular structure could be targeted. In this report with Sf9 cells and
also in B. mori cells (Katsuma et al., 2011), a decrease in the cellular
content of b-actin was observed in the course of baculovirus
infection. In AcMNPV-infected Sf9 cells, an immunoreactive frag-
ment of approximately 28 kDa appeared at 48 hpi reﬂecting hydro-
lysis of b-actin (Fig. 4D, lane 3). Addition of 10 mM lactacystin to the
infected cells inhibited the actin hydrolysis (compare lanes 3 and 5).
Although we could not exclude indirect effects on the progression of
the infection cycle due to the extended incubation with the
inhibitor, the most straight-forward interpretation of this result
suggests involvement of UPS in the processing of b-actin during
infection.
Initiation of vDNA synthesis between 12 and 18 hpi (Fig. 2B) in
the presence of lactacystin suggested that a threshold concentra-
tion of replication factors was achieved at this stage, thus this
inhibitor does not prevent expression of viral genes and synthesis
of viral proteins participating in vDNA synthesis. This prediction
was conﬁrmed by examining the viral DNA-binding protein (DBP)
by SDS-PAGE and Western blotting. This protein appeared in
infected cells incubated with lactacystin at 10 hpi and progres-
sively accumulated by 24 and 48 hpi at an approximately two-
to three-fold lower rate than that in the absence of lactacystin
(Fig. 4E). DBP is expressed as an early/late product in baculovirus
infected cells, localizes with viral replication factors in speciﬁc foci in
nucleus, and may play a role in the maturation of viral genomes
(Okano et al., 1999; Vanarsdall et al., 2007). The lower rate of DBP
accumulation in infected cells in which UPS is inhibited conﬁrms
that proteasomes play a supportive role in expression of viral
products.
The data described above conﬁrmed the progression of
AcMNPV infection in Sf9 cells under conditions of severe proteo-
toxic stress caused by inhibition of UPS with lactacystin. It is
not clear how the cells and virus are capable of overcoming the
proteotoxicity under these conditions. In the previous report,
we showed using confocal microscopy that the ubiquitinated
proteins are sequestered together with chaperones in cytoplasmic
aggresomes early in infection (Lyupina et al., 2011). Here, we
extended this analysis to the conditions of the proteotoxic stress
caused by lactacystin. Incubation of mock-infected cells with
10 mM lactacystin for 48 h induced cytoplasmic membranous
structures that reacted at the periphery with mAb to ubiquiti-
nated proteins (Fig. 5, panel 2). Similar structures were seen inAcMNPV-infected cells incubated in the absence (panel 3) or
presence (panel 4) of lactacystin at 48 hpi. Besides aggregates
having a large size (marked by arrows ‘‘L’’), the infected cells
contained complexes of the ubiquitinated proteins that had a
small size typical for aggresomes formed early in infection.
As demonstrated in the previous report (Lyupina et al., 2011),
these complexes cross-reacted with Abs to chaperones HSP/HSC70
(data not shown). This result suggests that the chaperone-mediated
sequestration of ubiquitinated proteins into cytoplasmic complexes
might be a way for Sf9 cells to limit an excess of proteotoxic products
and to overcome the proteotoxicity caused by non-functional UPS.
Lysosomes in infected cells
In the clearance of toxic proteins, UPS collaborates with the
autophagy/lysosome system. Our next experiments were designed
to clarify lysosome function in AcMNPV-infected Sf9 cells. The
protease cathepsin D that localizes to lysosomes (Gulnik et al.,
1992; Kaminskyy and Zhivotovsky, 2012) was used as a marker.
The goat cathepsin D antibody used in experiments did not show
cross-reactivity to the AcMNPV cathepsin (orf 127) as revealed by
Western blot analysis of extracts from mock-infected and
AcMNPV-infected Sf9 cells (data not shown). On examination of
cellular structures using native PAGE, the cathepsin D containing
structures were retained at the border between 3.0% and 3.5%
polyacrylamide as revealed by Western blotting with cathepsin D
antibody (Fig. 6A). Meanwhile 26S proteasomes of approximately
2.5 MDa entered the 3.5% gel and were separated from 20S
proteasomes under electrophoresis (Fig. 6B) as was shown in the
other experiment (Fig. 1C and D). This result conﬁrmed that
lysosomes were present in the cellular extracts as very high MW
complexes. The lysosome complexes were observed in extracts
from both uninfected and AcMNPV-infected Sf9 cells (Fig. 6A). In
the next experiment, we analyzed the effect of an inhibitor of the
lysosome function, 3-methyladenine, on replication of vDNA.
Addition of 5 mM 3-methyladenine to AcMNPV-infected cells
caused a slight delay in initiation of vDNA synthesis when assayed
by real-time PCR. However, after 12 hpi, ampliﬁcation of vDNA
proceeded similar to that in the absence of inhibitor (Fig. 6C). The
ﬁnal amounts of vDNA in cells incubated in the presence or
absence of 3-methyladenine were comparable. The inhibitor also
produced minor effects on BV production. In concentrations of
10 mM, 3-methyladenine decreased the BV titer from 6107 to
5107 at 32 hpi and from 108 to 8107 at 48 hpi. This result
suggested that lysosome activity does not play an important role
in vDNA synthesis and BV production. However, the association of
the ubiquitin complexes with membranous structures in the
cytoplasm (Fig. 5) suggested the possible involvement of lyso-
somes in the clearance of aggresomes in infected cells. In order to
elucidate ﬁne structure of these complexes in infected cells, we
Fig. 6. Lysosomes of Sf9 cells in the course of infection with AcMNPV. (A and B) The extracts from infected cells were fractionated in a native polyacrylamide gel by
electrophoresis under nondenaturing conditions followed by Western blotting and probing with Abs to cathepsin D (A) and to proteasome subunits a1,2,3,5,6,7 (B).
(C) vDNA synthesis in infected cells incubated in the presence of 5 mM 3-methyladenine (þ3-MA) or in its absence (3-MA). The vDNA content was determined by
RT-PCR in triplicate probes for each time point. The error bars represent the standard deviation.
Fig. 7. Association of the aggresomes with lysosomes in Sf9 cells infected with AcMNPV. The representive cells at 48 hpi incubated in the absence or presence of 10 mM
lactacystin (þL) and 10 mM 3-methyladenine (þ3-MA) were taken for analysis. The proteins were visualized by confocal microscopy after staining with respective
primary Abs and then with the ﬂuorescent secondary Abs. Emission was registered at 647 nm (Ubiquitin), 519 nm (HSP/HSC70), and 590 nm (Cathepsin D).
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antibodies to ubiquitin, HSP/HSC70, and to the lysosome marker,
cathepsin D. Infected cells incubated for 48 hpi with and without
lactacystin or 3-methyladenine were used for analysis. Represen-
tative cells are shown in Fig. 7. The membranous structures
positive for all three antibodies including the lysosome marker
were clearly seen in infected cells incubated in the absence or
presence of lactacystin (the upper and middle panel, respectively).
The vacuole-like structure, cytoplasmic localization, and immu-
noreactivity with mAb to cathepsin D suggest that the membra-
nous bodies are cellular lysosomes. Besides membranous
structures, the infected cells contained large complexes showing
diffuse staining with all three antibodies (the lower panel). Themembranous lysosome-like structures marked by cathepsin D and
associated with the complexes of ubiquitinated proteins and HSP/
HSC70s were also seen in infected cells at 24 hpi (data not shown).
The preferential staining of the lysosome membranes with
antibodies to ubiquitin and HSPs likely revealed their transient
or permanent fusion with the membranes. HSC70 has been
shown to associate with the lysosomal membrane and participates
in the translocation of soluble proteins into the lysosomal
lumen (Agarraberes and Dice, 2001; Arias and Cuervo, 2011;
Kaushik et al., 2011). In the case of insoluble aggresomes,
translocation across the lysosomal membrane is compromised
resulting in retention of protein cargo at the membrane (Kaushik
et al., 2011).
Fig. 8. (A) Cytotoxic effects of lactacystin (10 mM) and 3-methyladenine (10 mM) on AcMNPV-infected Sf9 cells. The infected cells were taken for microscopy at 120 hpi.
(B) The inhibitory effect of 10 mM lactacystin (þL) and 10 mM 3-methyladenine (þ3-MA) on expression of P10 in infected cells. The extracts were fractionated by SDS-16%
PAGE and P10 was visualized by Coomassie staining.
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Inhibition of major proteolytic systems in cell, UPS and autop-
hagy/lysosome system, generally causes proteotoxic stress, dereg-
ulates the cell cycle, and activates an apoptotic pathway. Although
AcMNPV was capable of genome replication and BV production in
the presence of lactacystin and 3-methyladenine, deleterious effects
of these inhibitors on cell morphology were apparent towards
the end of the infection cycle. At 120 hpi, the control infected cells
showed features typical for the late stages, enlarged size and
presence of polyhedra particles, but retained their structural integ-
rity (Fig. 8A). In contrast, the infected cells incubated with 10 mM
lactacystin or 10 mM 3-methyladednine revealed the absence of
polyhedra, disordered morphology and the presence of disrupted
cells. The cells incubated in the presence of 3-methyladenine
contained multiple transparent vacuole-like structures. In addition
to cytotoxic effects, both inhibitors efﬁciently suppressed expression
of very late viral genes as shown for P10 protein (Fig. 8B). Thus, both
treatments, proteasome inhibition by lactacystin and the lysosome
inactivation by 3-methyladenine, disturbed terminal stages in infec-
tion cycle and suppressed expression of very late viral products and
production of polyhedra.Discussion
The major result of this report is proof that baculoviruses induce
proteotoxic stress in infected cells. This conclusion was supported
by a marked accumulation of ubiquitinated proteins and aggre-
somes in Sf9 cells during infection with AcMNPV (Fig. 4A and B,
(Lyupina et al., 2011)). Host cell reaction to proteotoxic stress may
vary depending on the origin of cells and experimental conditions. In
silkworm B. mori cells (Bm5), BmNPV induces transient expression
(for up to 24 hpi) of several genes encoding factors related to UPS
(Xue et al., 2012), whereas in Sf21 cells infected with AcMNPV, the
expression of UPS factors was down-regulated from 6 hpi (Salem
et al., 2011). In this report, we showed that AcMNPV infection did
not enhance the proteasome activity in Sf9 cells. The proteasomes
remained active until late stages of infection, represented by both
species, 26S and 20S, and did not show signs of major structural
modiﬁcations (Fig. 1). The inhibition of proteasomes caused a
signiﬁcant delay in initiation of virus replication (Fig. 2) thus
indicating that some early events in infection cycle may depend
critically on the proteasome function. This result is in agreement
with data obtained for B. mori cells where proteasome inhibitionearly in infection suppressed progression of the infection cycle
(Katsuma et al., 2011; Xue et al., 2012). Nevertheless, vDNA
synthesis was initiated in Sf9 cells treated with lactacystin which
inhibited proteasome activity by approximately 90% (Fig. 3). After
the initiation, vDNA synthesis proceeded in the presence of lacta-
cystin at the same rate as in its absence thus indicating that ongoing
replication does not require active proteasomes. This result strik-
ingly differed from that obtained with B. mori cells, where inhibition
of proteasome activity early in infection irreversibly blocked pro-
gression of the virus infection cycle (Xue et al., 2012). Whether the
UPS activity is essential for initiation of virus replication in Sf9 cells
remains unknown. The data obtained in this report conﬁrm only a
stimulatory role for UPS in the initiation of replication. It is
impossible to exclude that the residual activity of proteasomes in
the presence of lactacystin was enough to accomplish an essential
early function, although at a slower rate. The speciﬁc targets for UPS
in baculovirus infected cells remain to be determined. Our data
suggest that processing of b-actin during infection was regulated by
proteasomes (Fig. 4D). By using bioinformatic analysis, several virus
proteins, PE38, IE2, PK-1, PK-2, CG30, and ubiquitin, were predicted
to interact with UPS-related proteins and may direct the proteasome
activity to speciﬁc targets (Xue et al., 2012). Interestingly, two of
these viral proteins, PE38 and IE2, possess E3 ligase activity (Imai
et al., 2003), and IE2 itself is under control of UPS (Imai et al., 2005).
The ubiquitin gene is not essential for replication of AcMNPV
although its deletion decreased ﬁve- to tenfold the BV production
in Sf9 cells (Reilly and Guarino, 1996), whereas when deleted from
BmNPV affected neither BV production nor polyhedrin expression in
BmN-4 cells (Katsuma et al., 2011). Hijacking of the host ubiquitin
system by employing viral or host ubiquitin ligases appears to be a
common strategy for viruses to target host immunoproteins and
defense factors for proteasomal or lysosomal degradation (Barry
et al., 2010; Binka et al., 2012; Kim et al., 2011b; Tavalai and
Stamminger, 2011; Vanni et al., 2012; Viswanathan et al., 2010).
Proteasome inhibition decreased markedly the expression of
early/late viral proteins in infected Sf9 cells as shown for DBP
(Fig. 4E) and completely blocked the synthesis of very late viral
proteins as shown for P10 (Fig. 8B). This result was similar to the
effect of MG-132 in BmN-5 cells when the inhibition of viral
products varied from a moderate level in the case of early/late
proteins to a very strong for the very late proteins (Katsuma et al.,
2011). In our experiments with Sf9 cells and lactacystin, it is
impossible to exclude that suppression of the very late proteins
might result from indirect cytotoxic effects caused by extended
incubation with lactacystin. The profound cytotoxic effects were
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ladenine (Fig. 8A), although this inhibitor produced a minor effect
on vDNA replication (Fig. 6C), synthesis of early/late products,
namely DBP (data not shown) and BV production.
In our previous report, we observed accumulation of aggresomes
containing ubiquitinated proteins and HSP/HSC70s in cytoplasm of
Sf9 cells early in infection (4 and 10 hpi) with AcMNPV (Lyupina
et al., 2011). In this report we extended this observation and proved
the association of the aggresomes with lysosomes (Fig. 7). Because
the inhibitor of lysosome function, 3-methyladenine, did not
show a signiﬁcant effect on accumulation of ubiquitinated proteins
in infected cells (data not shown), the lysosomes do not contribute
largely to digestion of ubiquitinated proteins in infected cells.
However, acquisition of aggresomes containing ubiquitinated pro-
teins might serve as an effective way to cleanse cytoplasm of
damaged and modiﬁed proteins. By this way, lysosomes might
decrease proteotoxicity caused by baculovirus infection and provide
a more favorable environment for virus reproduction.
Accumulation of ubiquitinated proteins and aggresomes is a
hallmark of proteotoxic stress. A major role of UPS in avoiding the
proteotoxicity in AcMNPV-infected Sf9 cells was conﬁrmed by a
marked increase in the cellular stock of ubiquitinated proteins
under proteasome inhibition with lactacystin. However, the
proteasome inhibition did not prevent replication of AcMNPV
genome and production of BVs. In our opinion, the baculovirus
infected cells may use another strategy to prevent proteotoxicity
besides digestion of ubiquitinated proteins by proteasomes,
namely their sequestration in cytoplasmic aggresomes and tar-
geting to lysosomes. Different types of cells may presumably
utilize different pathways, proteasomal and lysosomal, proteoly-
tic and nonproteolytic, to neutralize the proteotoxic products
generated by baculovirus infection.Materials and methods
Cells and reagents
Spodoptera frugiperda Sf9 cells were cultured in SF-900 II SFM
media (Invitrogen) supplemented with 10% fetal bovine serum (FBS)
in the ﬂasks at 27 1C. The cells were infected with AcMNPV at the
MOI of 10. Progression of the virus infection was routinely monitored
by SDS-PAGE followed by visualization of abundant very late viral
proteins, polyhedrin and P10, in the gels. Lactacystin from BioVision
and 3-methyladenine from Sigma-Aldrich were dissolved in H2O,
MG-132 (Z-leucyl-leucyl-leucinal) from Merck4Biosciences was dis-
solved in DMSO. The following antibodies (Abs) were used: combined
mouse mAbs to proteasome subunits a1,2,3,5,6,7 and mouse mAb
(FK2) to mono- and polyubiquitinated conjugates from Enzo Life
Sciences; mouse mAb to b-actin and goat polyclonal Ab to cathepsin
D (R-20) from Santa Cruz Biotechnology; rat mAb 7.10.3 to HSP/
HSC70s of Drosophila melanogaster from Lindquist Lab.; polyclonal Ab
to BmNPV DBP (Okano et al., 1999). Peroxidase-conjugated anti-
mouse IgG, anti-rabbit IgG, and ECL reagents were purchased from GE
Healthcare Life Sciences, peroxidase-conjugated anti-goat IgG was
from Sigma-Aldrich. Alexa Fluor 633 goat anti-mouse IgG, goat anti-
rat IgG-FITC, and Alexa Fluor Texas Red donkey anti-goat IgG were
from Invitrogen. Fluorogenic proteasome substrate Suc-LLVY-AMC,
N-Succinyl-Leu-Leu-Val-Tyr-AMC (7-amino-4-methylcoumarin), was
from Sigma-Aldrich.
Determination of proteasome activity
Cells for analysis were washed with PBS buffer and collected
by centrifugation. Extracts were prepared at 4 1C by two methods.
Large portions (107 cells) were mechanically homogenized in300 ml of a buffer containing 50 mM Tris-HCl, pH 7.5, 100 mM
NaCl, 2 mM ATP, 1 mM EDTA, and 1 mM DTT. Small portions
(106 cells) were allowed to swell for 30 min in 30 ml
of a hypotonic buffer containing 5 mM Tris-HCl, pH 8.0, 2 mM
EDTA, and 1 mM DTT, vortexed and disrupted by freezing (80 1C)-
thawing. The extracts were clariﬁed by centrifugation at 10,000 g
for 30 min. The chymotrypsin-like proteasome activities was deter-
mined by hydrolysis of ﬂuorogenic substrate Suc-LLVY-AMC. The
activity was determined in portions of 0.5–10 ml from the extracts in
ﬁnal volume of 100 ml containing 30 mM Tris-HCl (pH 7.5), 5 mM
MgCl2, 1 mM ATP, 1 mM DTT, and 30 mM Suc-LLVY-AMC. The
reactions were carried out at 37 1C for 20 min or at 30 1C for
30 min and terminated by the addition of 1% SDS and chilling. The
digestion product was detected by using a ﬂuorimeter with the
excitation wavelength of 380 nm and the emission wavelength of
440 nm. The proteasome-independent activity was determined in
the presence of 3 mM MG-132 (less than 10% in this report) and
subtracted from the values obtained in the absence of MG-132.
Electrophoresis in native gels
Portions of 108 cells were washed with PBS and then with PBS
diluted ﬁve-fold with water, collected by centrifugation and
frozen at 80 1C. The cells were disrupted by using syringe in
two volumes of a hypotonic buffer containing 10 mM Bis-Tris-
glycin buffer, pH 8.0, 10 mM EDTA, and 5 mM DTT. All procedures
were performed at 4 1C. After adjustment of the Bis-Tris-glycin
buffer concentration to 50 mM and the addition of 100 mM
Hepes, pH 7.2, the homogenate was centrifuged twice at
16,100 g, once for 30 min and then for 1 h, and ﬁnal supernatant
was collected. To remove DNA from the sample, dry CsCl was
added to 200 mM, and the sample was mixed with 0.5 volume of
DEAE-Sepharose equilibrated with the homogenization buffer.
After gentle mixing for 30 min, the sample was clariﬁed by
centrifugation at 16,100 g for 15 min. Sucrose solution (50% in
water), 0.1 volume, was added, and a 10-ml portion from the
sample was loaded onto a polyacrylamide gel. The discontinuous
gel (100800.75 mm) was divided in two portions, the upper
one (10 mm) contained 3% polyacrylamide in 50 mM Bis-Tris-
aspartate, pH 6.1, the lower portion (90 mm) contained a gradient
of 3.5–12% polyacrylamide in 50 mM Bis-Tris-glycin, pH 8.0,
10 mM EDTA. The gradient gel was stabilized by a gradient of
0–8% sucrose. The electrophoresis was carried out in a buffer
containing 50 mM Bis-Tris-glycin, pH 8.0, 1 mM EDTA at 140 V for
14 h and then at 260 V for 26 h. For detection of proteasome
activity, the gel was soaked with 500 ml of 0.3 mM ﬂuorogenic
substrate Suc-LLVY-AMC dissolved in 0.5 M Bis-Tris-HCl, pH 7.0,
1 mM EDTA, 1 mM DTT. The gel was covered with plastic wrap
and incubated at 37 1C for 20 to 30 min. The gel ﬂuorescence was
photographed in a dark room under illumination at 365 nm. For
analysis of lysosomes, the extracts were obtained and electro-
phoresis in native gel was carried out as described above for
analysis of proteasomes.
Immunohistochemistry and confocal microscopy
Virus- or mock-infected Sf9 cells were ﬁxed for 15 min with 4%
paraformaldehyde in phosphate-buffered saline (PBS), washed
three times with PBS, and permeabilized for 2 min in cold acetone
(20 1C). The cells were rehydrated with PBS, treated with 1%
SDS in PBS for 5 min at room temperature, washed three times
with PBS for 5 min each, blocked with 7% FBS and 0.3% Triton
X100 in PBS for 1 h, and then subjected to antibody treatments.
Antigen localization was determined by incubation of the cells
with rat mAb 7.10.3 to HSP/HSC70s (1:200 dilution with 5% FBS
and 0.1% Triton X100 in PBS) overnight at room temperature.
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four times (5 min per wash) with PBS and then treated with the
secondary antibody, FITC-conjugated goat anti-rat IgG (1:100
dilution, Santa Cruz Biotechnology) for 2 h. After four washes
with PBS (10 min per wash), the slides were mounted with the
Mowiol. For double staining, the cells were ﬁrstly treated for
visualization of HSPs as described above. After four washes with
PBS (10 min per wash), the cells were incubated with other
primary antibody, mouse anti-ubiquitin mAb (FK2) (1:800 dilu-
tion with 5% FBS and 0.1% Triton X100 in PBS) overnight at room
temperature. The cells were washed four times (5 min per wash)
with PBS and then treated with the secondary antibody, Alexa-633
goat anti-mouse IgG (1:1000 dilution) for 2 h. In some experi-
ments, the staining was repeated by using the third primary
antibody, goat polyclonal Ab to cathepsin D (R-20), and respective
secondary antibody, Alexa Fluor Texas Red donkey anti-goat IgG.
After four washes with PBS (10 min per wash), the slides were
mounted with the Mowiol and analyzed under confocal micro-
scope Leica SPE equipped with an Ar-Kr laser at the Core Facility
on Cell Technologies and Optical Research Methods in Develop-
mental Biology of IDB RAS. To ensure equal illumination for all
treatments, the same intensity and ﬁlter settings were used
throughout. Images were recorded at a resolution of 1024
1024 pixels and processed with the Leica LCS software. Control
experiments were performed by omitting primary or secondary
antibodies.
Other methods
SDS-polyacrylamide gel electrophoresis (PAGE) was performed
as described (Laemmli, 1970). For Western blotting, proteins were
transferred on Hybond-ECL membrane (Amersham) and probed
with respective primary antibody. Measurement of viral DNA
content in AcMNPV-infected cells by real-time PCR (RT-PCR)
was carried out by method of Rosinski et al. (2002) as described
(Lyupina et al., 2010).Acknowledgments
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